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SUMMARY 

Reference  1  describes  the  measurement  of  efficiency  and  specific  impulse 
of  the  pulsed  inductive  thruster  at  a  single  operating  condition.  The  result 
was  45.0%  at  1570  seconds  Igp.  Subsequent  work,  described  herein,  was 
initiated  to  verify  this  result,  improve  the  measurement  accuracy  and  extend 
the  range  of  n  versus  I  data.  Thruster  modifications  included  covering  the 
surfaces  exposed  to  plasma  radiation  with  glass,  re-calibration  of  probes, 
use  of  a  different  procedure  to  subtract  spurious  current  density  signals, 
and  a  direct  measurement  of  mass  accelerated  by  the  thruster.  Also,  the 
propellant  injection  nozzle  was  moved  away  from  the  coil  so  that  the  gas  could 
be  injected  toward  the  coil,  as  opposed  to  the  purely  radial  gas  injection 
used  previously1. 

Data  measured  with  these  modifications  are: 


w 

(sec) 

50 

1590 

62 

1960 

67 

2250 

Further  work  is  needed  to  verify  the  impulse  measurements  by  means  of  a 
thrust  balance  and  to  investigate  the  possibility  of  mass  addition,  other  than 
the  injected  propellant,  to  the  accelerated  plasma. 


1  i  1 


INTRODUCTION 


The  thruster  and  measurement  technique  are  described  in  detail  in 
Reference  1.  A  one-meter  diameter,  flat,  spiral  coil  is  used  to  drive  the 
plasma  through  inductive  coupling  rather  than  with  electrodes  so  as  to  avoid 
erosion  and  energy  loss  mechanisms  that  might  be  undesirable  for  spacecraft 
uses.  Impulse  developed  during  the  discharge  of  a  20  y-Farad  capacitor  bank 
through  the  coil  is  measured  by  means  of  miniature  plasma  probes.  These 
probes  measure  local  azimuthal  current  density  and  radial  magnetic  field. 

Their  product  is  the  local  force  density  which  is  integrated  over  the  radial 
and  azimuthal  extent  of  the  accelerated  plasma,  and  over  the  discharge  duration, 
to  obtain  the  impulse. 

The  primary  purpose  of  the  present  additional  effort  with  this  thruster 
was  to  extend  the  data  base  and  improve  its  accuracy. 

DISCUSSION 


Thruster  Modification 

The  thruster  with  the  modified  propellant  injection  nozzle  is  shown 
in  Figure  1.  The  valve  exit  has  been  moved  in  front  of  the  coil  so  that 
the  propellant  is  injected  back  against  the  coil  face  at  a  45°  angle.  This 
produces  an  axial  velocity  roughly  equal  to  the  radial  velocity  instead  of 
the  purely  radial  velocity  of  the  previous  nozzle1.  The  coil  is  covered 
with  a  1/8-inch  thick  glass  plate;  glass  microscope  slides  are  attached  to 
the  inside  of  the  outer  collar  and  to  the  outside  of  the  cylinder  supporting 
the  nozzle. 

Probe  Modification 

As  a  check  on  probe  measurement  accuracy,  additional  magnetic  field 
and  current  density  probes  were  built,  calibrated  and  used  for  thrust 
measurements.  There  were  no  distinguishable  differences  between  the  old 
and  new  magnetic  field  probe  data.  The  new  current  density  probe,  however, 
gave  substantially  different  results.  This  was  a  carefully  balanced  probe, 
wound  with  an  equal  number  of  turns  on  each  side  of  the  lead  wires  (see 
Reference  1)  to  minimize  spurious  electric  field  effects.  A  careful  com- 
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F i gure  1.  Photograph  of  Thruster  in  Vacuum  Chamber  Showing  Flovated  Propellant  Injector  and  Glass  Covered  Surfaces 


parison  of  data  from  both  probes  showed  a  noticeable,  but  small,  electric 
field  effect  as  well  as  a  small  sensitivity  to  the  magnetic  field.  The 
former  appeared  near  the  end  of  the  current  density  pulse  with  a  small  dur¬ 
ation  compared  to  that  of  the  current  density  pulse.  However,  the  magnetic 
field  signal  persisted  4  to  5  times  as  long  as  the  current  pulse.  This 
spurious  indication  of  a  small  current  density  at  a  time  when  the  magnetic 
field  was  large,  produced  a  substantial  integrated  impulse  error.  This 
error  source  was  eliminated  in  subsequent  testing  by  running  three  sets  of 
probe  surveys  for  each  impulse  determination:  one  for  the  magnetic  field 
measurement,  one  with  the  current  density  probe  (using  the  original  probe) 
and  the  final  one  with  the  window  of  the  latter  probe  covered  with  a  piece 
of  Scotch  tape  so  that  the  probe  recorded  only  the  total  error  signal  due 
to  both  electric  and  magnetic  field  effects.  By  differencing  the  two  sets 
of  current  density  probe  data,  the  correct  plasma  current  density  measure¬ 
ments  were  obtained. 

Propellant  Measurement 

In  Reference  1,  the  propellant  mass  Am  was  estimated  as  75%  of  the  mass 
stored  in  the  calculated  volume  of  the  valve  plenum.  An  error  in  determining 
this  mass  inversely  effects  both  efficiency  n  and  1^.  Since  the  efficiency 
is 


..  Am  V?  .  1/2  Al  ( q  Up)  m 

Jo  “  Jo 

where  JQ  is  stored  energy, and  the  impulse  Al  is 

Al  =  Am(g  Isp)  (2) 

it  follows  that 


0.9  Al 
‘sp-2  °o 


(3) 


Since  both  impulse  and  stored  energy  are  accurately  known,  it  follows  that 
the  slope  defined  by  Equation  (3)  is  also  accurately  know,  independently  of 
the  accelerated  mass.  If  the  true  mass  is  larger  than  expected,  both  I 
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and  n  are  decreased  by  the  same  factor.  Thus  in  a  plot  of  n  versus  I  , 
both  points  would  lie  on  the  same  straight  line  through  ;he  origin.  And 
since  that  line  is  nearly  tangent  to  the  o  versus  1^  relation  in  the  I 
range  of  1500  to  2500  seconds,  it  is  seen  that  an  error  in  accelerated  mass 
has  little  effect  on  determining  the  n  versus  I$p  relation  for  that  I 
range . 


However,  in  order  to  reduce  the  errors  associated  w  th  present  measure¬ 
ments,  it  seemed  desirable  to  attempt  an  absolute  calibration  of  the  gas 
density  probe.  The  probe  consisted  of  a  miniature  pentode  (CK  5702)  with 
the  envelope  removed  and  the  tube  operated  as  an  ionization  gage^  .  The 
calibration  was  done  by  plotting  the  probe  signal  against  a  McLeod  ae 
measurement  of  the  pressure  produced  by  dumping  a  small  mount  of  ion 
into  the  closed  vacuum  chamber.  Since  both  the  shape  and  sensitiv 
of  the  resulting  calibration  were  found  to  differ  from  one  tube  to  ther, 
a  calibration  was  run  for  each  tube  prior  to  using  it  for  the  puls  ; 
gas  density  distribution  measurement.  Results  of  a  typical  gage  tube 
calibration  are  shown  in  Figure  2.  Separate  calibrations  were  made  in 
this  manner  each  time  a  chanqe  was  made  in  the  valve  (e.g.,  altered  seal 
spring  force  or  nozzle  fairing).  Probe  measurements  were  made  at  6  equally 
spaced  radial  stations  from  25  to  50  cm  and  axially  at  z  =  1 .5  and  3  cm 


and  at  2  cm  increments  to  x  -  15  cm  and  integrated  over  this  volume  to 
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Test  Results 


Table  1  summarizes  results  of  29  tests  with  this  thruster.  The  test 
variables  were  valve  plenum  pressure  P  ,  capacitor  voltage  VQ,  nozzle  con¬ 
figuration  (radial  flow  nozzle  or  elevated  nozzle),  and  the  cover  used  for 
the  coil  and  the  inner  and  outer  cylindrical  surfaces  facing  toward  the 
plasma  volume. 

Solid  symbols  are  shown  in  Table  1  for  uncorrected  current  density 
probe  data.  The  tests  for  which  the  more  accurate  difference  method  was 
used  to  find  the  current  density  are  indicated  with  open  symbols.  The 
flagged  symbols  used  for  Runs  30  through  34  indicate  tests  for  which  a 
local  obstruction  was  found  in  the  valve  exit  slit  due  to  an  improper  joint 
between  the  valve  and  the  inside  conical  surface  of  the  nozzle.  The  term 
"clean  exit",  in  Table  1,  indicates  that  this  condition  was  corrected  for 
the  runs  after  Run  34.  Run  36  was  a  repeat  of  Run  35  with  the  entire  valve/ 
nozzle  assembly  rotated  180°  to  check  for  a  possible  asymmetry  in  the 
thruster  operation.  A  point  by  point  comparison  was  made  by  overlaying  the 
new  probe  data  on  corresponding  data  from  Run  35  that  were  recalled  from 
the  computer  data  bank.  As  noted  in  Table  1,  no  asymmetry  was  observed. 

The  data  overlay  for  both  the  B  and  J  probes  was  essentially  perfect. 

Figure  3  shows  all  of  the  data  points  listed  in  Table  1.  All  of  the 
solid  points  are  in  error  because  of  the  current  density  probe  problem 
already  described.  Additional  errors  due  to  valve  problems  occurred  in 
Runs  16,  22,  23,  24  and  25.  The  very  high  efficiency  seen  for  Run  14  was 
thought  to  suggest  that  ablation  might  be  occurring  at  the  higher  voltage 
(25  kV)  used  for  that  run.  The  1/8-inch  thick  glass  coil  cover  was  in¬ 
stalled  at  that  point  and  tested  in  Run  15  at  the  same  conditions.  Further 
changes  in  surface  covers  were  then  made  at  20  kV,  with  the  elevated  valve 
and  nozzle  geometry.  Runs  16  through  19.  Because  of  the  errors  present  in 
all  of  the  tests  indicated  by  solid  symbols,  none  of  the  apparent  trends 
are  regarded  as  significant.  The  possibility  of  mass,  other  than  argon, 
in  the  discharge  remains  open  and  will  require  further  work. 

The  open  symbols  indicate  valid  tests.  The  flagged  symbols,  however, 
should  be  disregarded  because  of  the  valve  exit  slit  obstruction  mentioned 
earlier  which  apparently  reduced  the  measured  impulse.  This  effect  is  seen 
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Table  1.  Test  Summary 


Figure  3.  Thruster  Efficiency 
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by  comparing  Runs  34  and  35  which  were  identical  except  for  the  elimination 
of  the  obstruction  in  the  latter  run. 


It  should  be  mentioned  that  the  first  direct  measurement  of  injected 
mass  was  made  prior  to  Run  35  and  was  used  for  Runs  35  and  36.  This  cali¬ 
bration  was  used  to  calculate  the  mass  for  the  previous  runs,  based  on 
valve  plenum  pressure.  This  approach  Is  not  valid  for  most  of  the  earlier 
runs,  of  course,  but  was  regarded  as  a  better  estimate  than  the  previous 
method  (75%  of  the  plenum  mass).  It  is  valid  for  Runs  28  through  34,  since 
these  were  made  with  no  changes  in  the  valve  conditions. 

The  five  open  circle  data  points  in  Figure  3  are  based  on  direct 
measurements  of  injected  argon  propellant  and  the  difference  method  of 
current  density  determination.  The  solid  line,  drawn  through  the  four 
points  from  1590  to  2250  seconds  I  appears,  at  present,  to  be  valid.  The 
fifth  point,  at  2670  seconds  I  seems  high  (both  in  efficiency  and  IspK 
suggesting  the  possibility  of  spurious  mass  addition  in  the  accelerated 
plasma  at  the  higher  voltage  of  this  test  (24  kV). 

The  excellent  repeatability  shown  in  the  impulse  measurements  for  Runs 
35,  37  and  38  under  identical  test  conditions  (+  1%)  is  seen  in  the  points 
clustered  around  2000  seconds  I  in  Figure  3. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  indication  of  a  thruster  efficiency  on  the  order  of  50  to  60%  in 
the  range  of  modest  I^'s  (1500  to  2500  seconds)  of  importance  for  near- 
Earth  missions  continues  to  be  encouraging  for  the  success  of  the  pulsed 
inductive  thruster  concept.  The  direct  measurement  of  injected  propellant 
and  elimination  of  spurious  current  density  probe  signals  have  strengthened 
the  data  base  available  by  the  probe  technique.  A  direct,  mechanical, 
measurement  of  impulse  is  needed  to  verify  these  results.  The  possibility 
of  spurious  mass  addition  to  the  accelerated  plasma  deserves  a  careful 
i  nvesti gati on . 
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